This paper promotes the view that African easterly waves (AEWs) are triggered by localized forcing, most likely associated with latent heating upstream of the region of observed AEW growth. A primitive equation model is used to show that AEWs can be triggered by finite-amplitude transient and localized latent heating on a zonally varying basic state that is linearly stable. Heating close to the entrance region of the African easterly jet (AEJ) is shown to initiate AEWs downstream. The heating leads to an initial trough that reaches the West African coast about 5-7 days later, depending on the nature of the heating profile. After this, a structure that projects strongly onto the leading linear normal mode of the basic state becomes established, characterized by a number of westward-propagating disturbances that strongly resemble AEWs. The sensitivity of the forced AEWs to the nature and location of the heating profile is examined. AEWs are most efficiently triggered by heating profiles that establish lower tropospheric circulations close to the entrance region of the AEJ. In the present study, this was best achieved by lower tropospheric heating from shallow convection or upper-level heating and lower-level cooling from a stratiform precipitation profile. Both profiles have significant heating gradients in the vertical in the mid-to-lower troposphere. This triggering paradigm for the genesis of AEWs has consequences for the variability and predictability of AEWs at weather and climate time scales. In addition to the nature of the AEJ, often emphasized, it is crucial to consider the nature and variability of upstream heating triggers.
Introduction
Given the considerable body of work that has accumulated on African easterly waves (AEWs) in recent decades, it is perhaps surprising that we still lack a convincing theory for their origin. Motivated by available observations of the African easterly jet (AEJ) (e.g., Burpee 1972; Reed et al. 1977 ) and application of the Charney-Stern necessary conditions for instability (Charney and Stern 1962) , a consensus developed in the scientific community in the 1970s that observed AEWs arise because of a mixed barotropic-baroclinic instability mechanism. This consensus was strengthened by several idealized modeling studies showing that realistic-looking AEWs could develop from small amplitudes on unstable AEJs (e.g., Rennick 1976; Simmons 1977; Thorncroft and Hoskins 1994a,b; Thorncroft 1995; Paradis et al. 1995) . This paper questions the paradigm promoted in these studies, namely, that AEWs arise through some "natural selection" process similar to that envisaged by Eady (1949) for midlatitude synoptic disturbances (i.e., that from a random set of atmospheric perturbations of different scales the fastest-growing normal mode will develop and eventually dominate). We argue that AEWs are in fact triggered by some localized forcing, most likely in association with latent heating upstream of the region of observed AEW growth.
The hypothesis that AEWs grow because of a combined barotropic-baroclinic linear instability mechanism has hardly been questioned in the literature. The major weakness of this hypothesis is the observation that the AEJ is too short to support sufficient growth to explain the observed AEW amplitudes over West Africa. Considering published analyses of the AEJ (e.g., Berry and Thorncroft 2005; Kiladis et al. 2006 , which is Part I of this series of papers; see also Fig. 1 ), we note that the region where the AEJ magnitude exceeds 6 m s Ϫ1 over tropical North Africa covers approximately 40°of longitude. Perhaps more importantly, the potential vorticity (PV) sign reversal in the core of the AEJ typically only extends over about 50°of longitude (Dickinson and Molinari 2000) . Because this represents just two wavelengths (at most) of an AEW, we suggest that it is not realistic to envisage AEWs growing through a "natural selection" process. Hall et al. (2006, hereafter HKT06) , which is Part II in this sequence of papers, recently investigated the normal modes that grow on a realistic zonally varying AEJ and found that although AEWs can grow on this basic state, the growth rates are very small. With realistic surface damping the system is close to neutral stability. This observation can be seen as a further application of the ideas introduced by Farrell (1987) and Stone (1978) on the stability of the midlatitude jets. Indeed, if it is reasonable to claim that with realistic damping even the midlatitude jets are not unstable (see Hall and Sardeshmukh 1998) , then it is clearly reasonable to make the same claim for the AEJ, which is weaker, shorter, and situated over the continent. So if AEWs do not grow via a linear instability mechanism, how do we account for their existence, their origin, and their intermittency? We argue that there is a growing body of work that points to the role of finite-amplitude precursors rather than AEJ instability to explain the origin of AEWs.
There have been several observational studies concerned with the origin of AEWs (e.g., Burpee 1972 Burpee , 1974 Carlson 1969a, b; Albignat and Reed 1980 and references therein) . Although there appears to be marked variability in the geographical origin of the AEWs, these studies generally agree that they start somewhere east of about 10°E. Regarding mechanisms, Burpee (1972 Burpee ( , 1974 and Albignat and Reed (1980) highlight the instability of the African easterly jet, whereas Carlson (1969a) gives more emphasis to the interactions of convection with the elevated terrain east of the Cameroon highlands (ϳ10°E). Although Albignat and Reed (1980) implied that these were opposing views, we argue that they are actually not necessarily contradictory. Although AEWs rely on the presence of the AEJ to support their propagation and development, and will certainly benefit from an unstable AEJ, we maintain that it is not necessary. Whether the AEJ is unstable or not, the mechanisms of energy transfer from the jet to the waves is the same: baroclinic and barotropic conversions, which is why the structures highlighted in earlier linear instability studies remain relevant and important (e.g., Thorncroft and Hoskins 1994a) . However, we contend in this paper that AEWs also rely on the presence of significant upstream convective triggers, which we expect, in general, to be linked to topography (e.g., Carlson 1969a; Hodges and Thorncroft 1997; Mekonnen et al. 2006) .
In a recent case study, Berry and Thorncroft (2005) suggested that the strong AEW they observed was the result of an outburst of convection, composed of several mesoscale convective systems (MCSs), located in the mountainous region of Darfur, around 25°E. The convective outburst clearly preceded the development of the AEW downstream. Mekonnen et al. (2006) provided a climatological perspective of the location where AEW-associated convection was initiated. They identi- ; the zero contour is dotted and negative contours are dashed. Shading represents meridional wind magnitudes in excess of 0.5 m s
Ϫ1
. Light shading indicates northerlies; heavy shading, southerlies.
fied two main locations for the initiation of AEWs: the Darfur mountain range and the Ethiopian highlands (ϳ35°E), with the former being the most important. Kiladis et al. (2006) also showed, using time-lagged regressions, that AEWs over West Africa are preferentially preceded by convection in the Darfur region (see their Fig. 3a) .
Further work is required to explore the triggering hypothesis to explain the genesis of AEWs, including more analysis of available observations together with relevant modeling studies. Indeed, recent modeling work by Hsieh and Cook (2005, 2007) has also highlighted the importance of convection for the genesis of AEWs. Following Schubert et al. (1991) , they argue that the latent heating strengthens the potential vorticity (PV) strip on the cyclonic side of the AEJ and that the associated enhanced PV sign reversal provides a more favorable environment for AEW genesis. In the absence of the latent heating and associated PV strip in their model, AEWs fail to be generated. The mechanism is different from the mechanism being promoted here. Whereas Hsieh and Cook (2005, 2007) emphasize the impact of convection on the basic state that supports AEWs, the genesis mechanism explored in this paper emphasizes the potential impact of differing convective heating profiles on providing initial triggers for AEWs and sensitivity to their location with respect to the AEJ entrance region.
In this paper we pursue an idealized modeling approach that is a natural extension of the modeling approach of HKT06. We will use the same model as in that study and will investigate whether prescribed heating anomalies can trigger realistic AEWs on an observed three-dimensional basic state. The paper is organized as follows: First, we briefly describe the model and details of the approach. This is followed by analysis of modeled African easterly waves triggered by heating, including the sensitivity to the heating profile and its geographical location. We conclude with some discussion and final comments on the significance of our findings.
Modeling approach
The model and model setup used in this study is the same as that in HKT06. We utilize a global spectral primitive equation model, with a horizontal resolution of T31 and 10 equally spaced sigma levels. A semiimplicit 22.5-min time step is used to integrate the full nonlinear equations for vorticity, divergence, temperature, and log (surface pressure). A basic state is maintained by adding a forcing term that represents the combined effects of diabatic heating and transients.
The perturbation experiments are constrained to be linear by imposing a very small initial forcing perturbation and subsequently rescaling the response for presentation and discussion in this paper. In addition, a 12-hٌ 6 diffusion is applied to the momentum and temperature equations. Low-level damping is included in all these simulations as described in HKT06. The average damping rates used here give time scales of about 2 days for momentum and 4 days for temperature near the surface (the coefficient actually decreases linearly from the surface, ϭ 1 to ϭ 0.8). In the free atmosphere (above ϭ 0.8), damping time scales for momentum and temperature are around 30 and 10 days, respectively. For further details of the modeling setup, see HKT06. The main difference between the results presented here and those in HKT06 is that here we examine a transient response to a forcing perturbation and not a pure modal structure.
We will study the atmospheric response to finiteamplitude localized heating perturbations about the mean June-September (JJAS) basic state over tropical North Africa. This is the same zonally varying basic state as used by HKT06 and is obtained from National Centers for Environmental Prediction (NCEP) reanalyses (see Fig. 1 ). The AEJ peaks around 12°N and at about 600 hPa. The peak winds are about 10 m s Ϫ1 , consistent with the long averaging period. As discussed in HKT06, the weak jet is likely to result in reduced AEW growth rates compared to some shorter periods within the season when the jet is stronger. The effect of such variations in the basic state will be addressed in a subsequent contribution. Note that the AEJ weakens east of about 10°E, highlighting the limited longitudinal extent for AEW growth over tropical North Africa.
In this study we prescribe localized heating in the model via the thermodynamic equation. In the horizontal, the heating function is given by
where H 0 is the peak heating rate at the center, r is distance from the center, and r 0 determines the horizontal scale of the heating. For our basic heating run, r 0 is set to 5°and the heating is centered on 15°N, 20°E, just downstream of the Darfur mountains. For values of r greater than r 0 , H is set to zero. The resulting halfwidth (the diameter where H ϭ H 0 /2) for an r 0 of 5°is about 540 km. This represents a wide region of heating that, in reality, would be associated with several MCSs (Berry and Thorncroft 2005) . Heating runs repeated with different radii (3°and 7°) show differences in amplitude (not shown). The ensuing linear wave response turns out to be proportional to the area of the initial heating perturbation, but the structure of the response is unchanged. This implies that our main results and conclusions are not sensitive to this characteristic of the heating. The vertically averaged value of H 0 used in our simulations is 5 K day
Ϫ1
. This corresponds to a peak precipitation at the center of 20 mm day
. For the domain average with the cosine squared horizontal profile, these values are of course halved.
We will assess the sensitivity of the atmospheric response to the location and vertical profile of this heating. These profiles are approximations to those available in the literature (e.g., Schumacher and Houze (2004) ; see their Fig. 3a ). In the vertical, the heating function that we initially consider is characterized by a deep profile to represent the effects of deep moist convection: H 0 ϭ (/2) sin(), where is the model vertical coordinate with normalized pressure (see Fig. 2 ). Because we know that the tropical African region is influenced by other convective types (Schumacher et al. 2004; Schumacher and Houze 2006) and that the atmospheric response to convection is sensitive to the gradient of heating along the absolute vorticity vector (e.g., Hoskins et al. 1985; Haynes and McIntyre 1987) , we will explore the impacts of two other heating profiles. These include a shallow heating profile,
and a "stratiform" heating-cooling profile,
also included in Fig. 2 . The latter profile is meant to mimic the heating over cooling region dominant in regions of stratiform precipitation trailing large-scale systems of propagating deep convection (Houze 1997 (Houze , 2004 , whereas the former accounts for the leading edge of shallow convection within such systems (e.g., Mapes et al. 2006) . All three profiles integrate to unity between ϭ 0 and ϭ 1 and so have the same total heat input to the system. The atmospheric response to these profiles is presented in section 3b. A basic run consists of prescribing the heating in a particular location for a period of one day and then switching it off. The model is integrated for several days to see the adiabatic response to this. We do not include any heating within the developing AEW and so we expect the AEW amplitudes to be weaker than observed or seen in models with more complete physics (e.g., Berry and Thorncroft 2005; Hsieh and Cook 2005) . The main objective here is to consider whether upstream heating can indeed lead to realistic AEW activity downstream and to investigate the impact of varying the nature of this heating, in terms of its profile and location.
Forced African easterly waves a. African easterly waves forced by localized deep heating
The basic run that we will discuss first is forced by localized deep heating centered at 15°N, 20°E, just downstream of the Darfur region and also close to the entrance region of the AEJ (Fig. 1a) . The atmospheric response to this heating is shown here with the streamfunction at ϭ 0.85 (Fig. 3) . We should first note that, after an initial large-scale adjustment to the heating, the atmospheric response takes the form of enhanced and coherent AEW activity in the downstream AEJ, going some way toward supporting our original hypothesis that AEWs can be forced by upstream heating.
The heating directly spins up an initial trough ( Fig.  3a) that propagates westward along the AEJ, reaching around 10°W at day 5 of the simulation (Fig. 3c) . The initial atmospheric response to the heating (not shown) is baroclinic, as expected, with the establishment of a trough below the heating maximum and a ridge above. By day 1, interactions with the basic state result in a slightly more complicated ridge structure characterized by a double maximum. After day 5, we continue to see a progression of AEWs, and associated troughs and ridges, moving westward. The structure of these perturbations is remarkably similar to those from observations of AEWs in Kiladis et al. (2006) .
The first trough is rather like the trough seen in the Berry and Thorncroft (2005) observational study, where finite-amplitude heating over Darfur leads directly to a westward-propagating and growing disturbance. The observed trough in that study had a peak FIG. 2 . Heating profiles used in this study: deep (solid), shallow (short dashed), and stratiform (long dashed). The vertical coordinate is ϫ 1000, which is approximately the same value of pressure in hPa. Abscissas represent normalized magnitude (each profile integrates to unity in the vertical).
meridional wind of about 20 m s Ϫ1 at the level of the AEJ. The maximum meridional wind perturbation at the level of the AEJ for the trough at day 5 is only about 1 m s Ϫ1 (Fig. 4b ), but it should be noted that observed strong AEWs in this region are often convectively active and that this coupling with convection probably enhances their amplitudes (Hsieh and Cook 2005, 2007) , which is a process lacking in our simulations. In the absence of convection, this trough weakens as it moves out over the Atlantic, consistent with Rossby wave dispersion on a single-signed PV gradient. In the simulation, a second trough reaches 10°W on about day 11 (Fig. 3f) , or 6 days after the first, and is in fact about twice as intense. Indeed, all subsequent waves are much stronger than the first (see Fig. 4 , left column).
The forced waves that follow the initial AEW trough move westward with a phase speed of about 5°day
Ϫ1
, a wavelength of about 3000 km, and horizontal and vertical tilts characteristic of baroclinic and barotropic growth (see day-9 fields in Figs. 3 and 4) . These wave characteristics are very similar to observations and to the linear normal mode structure described in HKT06 (see their Fig. 4 ). Given this, we hypothesize that the prescribed heating not only caused the initial westwardmoving trough but also forced the leading linear normal mode to this zonally varying basic state.
This simulation provides strong evidence to support the hypothesis that AEWs can be forced by upstream convective heating. However, the amplitudes are rather weak, and some coupling between the AEW dynamics and convection is probably required to make up for this, as discussed by Hsieh and Cook (2005, 2007) . Nevertheless, the fact that disturbances with quite realistic structures are produced, even without feedback from the convective heating, is certainly suggestive that AEWs can be triggered by such heating. The following subsections explore the sensitivity of the downstream response to the heating profile and the location of the heating.
b. Sensitivity to heating profile
The basic simulation presented above has been repeated with two additional heating profiles (see Fig. 2 ) in recognition of the different populations of convecting clouds that characterize the tropical North African region (e.g., Schumacher et al. 2004; Schumacher and Houze 2006) . The peak heating rates for the deep, shallow, and stratiform profiles are 1.6 K day Ϫ1 at ϭ 0.5, 2.7 K day Ϫ1 at ϭ 0.8, and 3.1 K day Ϫ1 at ϭ 0.35, respectively. In addition, the stratiform profile has a peak cooling rate of Ϫ1.5 K day Ϫ1 located at ϭ 0.85. In reality, heating profiles generally reflect various combinations of heating structures from different types of clouds such as shallow, congestus, and deep convection, as well as stratiform precipitation (e.g., Schumacher et al. 2004; Mapes et al. 2006 ). This often results in "top heavy" heating profiles averaged over the scale of disturbances within the tropics, with a maximum heating in the upper troposphere and weak heating or even cooling near the surface. Because all the simulations presented here are linear, the response to a mean heating profile that includes contributions from each of the heating profiles can be constructed by summing the simulations forced by each profile with appropriate weightings (Schumacher et al. 2004) . We can thus interpret, for example, the "stratiform" response as being similar to a weighted difference between the responses to deep and shallow convection.
1) SHALLOW HEATING
The evolution of the streamfunction at ϭ 0.85 for the simulation with shallow heating is shown in Fig. 5 . As before, there is an initial adjustment to the heating that includes the triggering of a trough, reaching 10°W around day 7, and thereafter the establishment of a structure that projects strongly onto the leading normal mode. The 2-day delay in reaching 10°W, compared to the deep heating case, is due to the difference in the initial atmospheric response to the heating. In the shallow heating case, the initial triggered trough is seen clearly at day 5 near the Greenwich meridian, and this is substantially stronger than its counterpart in Fig. 3c , as are all of the other eddies. This feature also displays a much deeper vertical extent in Fig. 4e , and is a result of the combination of a low-level trough that forms below the heating and a trough at the level of the AEJ that forms upstream of the forced ridge above the heat- 
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ing (Fig. 4d) . The AEJ-level ridge and upstream trough are not present in the early days of the deep heating simulation because of the different heating profile. Instead, the upper-level ridge is located around 200 hPa and quickly disperses with no significant upstream trough formation. It is interesting that, despite the fact that the columnaveraged heating is the same in both cases, the initial trough and the normal mode structure that is established after day 5 are much more intense than in the simulation with deep heating. For example, the peak meridional winds at the lowest model level at days 5 and 9 in the deep heating run are 2.8 and 4.4 m s Ϫ1 , respectively, compared with 7.9 and 12.1 m s Ϫ1 for the shallow heating run. The simplest explanation for this is that the shallow heating profile creates a more intense initial perturbation that overlaps more strongly with the AEJ and its associated PV gradients. Stronger lower tropospheric heating gradients would generate more intense PV anomalies there (Hoskins et al. 1985; Haynes and McIntyre 1987) . This is confirmed in Fig. 4 , which shows the meridional wind structures at 15°N after 1 day of heating. In the deep heating case, there is a low-level trough with peak winds of 3.2 m s Ϫ1 located around 900 hPa and an upper-level ridge with peak winds of 1.4 m s Ϫ1 located at about 200 hPa. In the shallow heating case, the heating gradients in the vertical are much larger and confined in the lower troposphere (Fig. 2 ) and, consistent with this, the peak meridional winds at 15°N at day 1 are 8.0 and 4.2 m s Ϫ1 at 900 and 600 hPa, respectively.
We therefore conclude that for the same amount of heating the shallow heating leads to a stronger AEW response than that seen with the deep heating. An alternative way of viewing this is that shallow heating can more efficiently trigger AEWs than deep heating because of its proximity to the AEJ. However, whether shallow heating is more important than deep heating for triggering AEWs in reality is uncertain. For example, although the deep heating is less efficient than shallow heating for triggering AEWs (for the same mean heating rate), in reality we would expect the rainfall and associated heating rates to be more intense for deep convection. Future work will explore the nature of the observed upstream convection and the resulting AEW genesis to shed more light on this issue.
2) STRATIFORM HEATING
In recognition of the fact that MCSs in the tropics are often dominated by stratiform precipitation, we also consider the impact of a heating profile that is characterized by heating aloft and cooling below (see Fig. 2 ). Hertenstein and Schubert (1991) showed that such a profile was particularly efficient at generating cyclonic PV anomalies in the midtroposphere due to the strong heating gradients in the vertical there. We therefore expect that this profile will have a strong impact on the forced AEWs and the initial trough in particular.
The initial atmospheric response to this profile is very different from the deep and shallow heating cases (Figs. 4a,d,g ) and in fact is virtually opposite to the shallow profile in the mid-to-lower troposphere. As expected, a midlevel trough forms in the region where heating gradients increase with height above the cooling (Fig. 2) , and a surface ridge forms beneath the cooling maxima. The evolution of the streamfunction at ϭ 0.85 for the stratiform heating case is shown in Fig. 6 . This evolution resembles the previous two in the sense that there is an initial low-level trough development followed by the normal mode, but again there are substantial differences in timing and amplitude. The initial trough reaches 10°W about a day earlier than the equivalent trough in the deep case, consistent with the initial trough being located closer to the AEJ peak around 600 hPa. This results in a phase difference be- FIG. 6 . As in Fig. 3 , but for the response to a stratiform convective anomaly; contours as in Fig. 5 .
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tween the stratiform and the shallow cases of about half a period, highlighted by the day-5 and day-9 responses, which are almost identical except for the sign difference (cf. Figs. 4e, h and Figs. 4f, i) The AEW amplitudes for the stratiform case are again much larger than for the deep heating case, being comparable to those for the shallow heating case (Fig.  4) . As with shallow heating, the simplest explanation for this is the fact that the stratiform heating profile forces a more intense initial perturbation in the vicinity of the AEJ.
In summary, the precise shape of the heating profile is important for determining the nature of the initial trough in terms of its amplitude and downstream propagation characteristics. Also, although the subsequent forced normal mode structure appears not to be overly sensitive to the heating profile, the amplitude clearly is. A heating profile that forces more intense initial lower tropospheric circulations results in larger amplitudes.
c. Sensitivity to location of heating
The previous sections prescribed the heating in one fixed location (15°N, 20°E) that was motivated by previous observational work (e.g., Berry and Thorncroft 2005; Mekonnen et al. 2006; Kiladis et al. 2006) . Given that convective heating occurs over a wide region of tropical North Africa, we now investigate the impact of changing the location of the heating on the AEW response. One outcome of this will be the identification of the "most sensitive" location for forcing AEWs on this basic state. A large number of simulations were carried out with initial heating locations spanning the entire globe, but with increasingly more closely spaced intervals (up to 5°of longitude and latitude) over the West African region.
To summarize these results, we show influence functions for the three heating profiles. The influence function is defined as the root-mean-square streamfunction at ϭ 0.85 on day 10 of the simulation over an AEW target area: 5°-25°N, 60°W-60°E. This value is plotted in Fig. 7 in the position of the heating perturbation that gave rise to it, leading to an identification of which areas are the most sensitive for convective generation of AEWs. The patterns are very similar for each heating profile, but the amplitudes are larger for the shallow and stratiform heating, consistent with the analysis above. It turns out that the best location to force AEWs with any of the convective heating profiles is around 20°N, 15°E. This is close to the entrance region of the African easterly jet and just north and west of the location used in the basic simulations. The influence function falls off rapidly as the location of the heating is shifted westward into the jet and eastward away from it. The range of latitudes that leads to significant growth is also quite limited except for small localized regions located in the western and eastern Mediterranean and another over the Arabian peninsula. However, although perturbations in these latter two areas produce synoptic activity over West Africa, these do not correspond to AEW structures (not shown).
We now briefly illustrate the nature of the variability in the atmospheric response to changing the location of the heating by showing the day-7 streamfunction at ϭ 0.85 of the simulations forced by shallow heating at different locations along the axis of the AEJ. Figure 8a shows the response to heating at 20°N, 35°E located over the Ethiopian highlands. Mekonnen et al. (2006) showed that AEWs can occasionally be triggered by convection this far to the east. For this location, the initial forced AEW trough moves westward and weakens. By day 7 it is a rather weak disturbance located just east of the Greenwich meridian. Heating in this location also appears to force a structure characterized by westward-moving easterly waves located over the Indian Ocean and eastern Africa that somewhat resembles the normal mode of the September basic state discussed in HKT06. This is suggestive of the fact that AEWs without embedded heating are likely to disperse their energy eastward and weaken in this basic state. Figure 8b shows the response to heating located at 20°N, 15°E, the location shown above to be the most effective location for forcing. The structure at day 7 is almost identical to the simulation already shown and discussed above in Fig. 5d except for a slight phase shift (consistent with the more westward location of the initial perturbation) and a slightly larger amplitude. We should note that this location is actually just downstream of the Tibesti Mountains, and although convection can be triggered by these mountains, it is far less frequent than in the Darfur region (Hodges and Thorncroft 1997) . Therefore, although it is the most efficient location for forcing AEWs, it is not likely to be the location where most AEWs are in fact forced in reality (Mekonnen et al. 2006) . For completeness we also show the response to heating located at 15°N, 0°E, close to the AEJ maximum (Fig. 8c) . By day 7 the original AEW trough has dispersed somewhat and is located in the mid-Atlantic. Over Africa, the atmospheric response is again somewhat close to the normal mode structure but is noticeably weaker than for locations closer to the jet entrance (Figs. 5d, 8b) .
For locations close to the AEJ, the response is always similar: an initial AEW trough followed by the normal mode structure. As the heating is moved east or west of the jet entrance the response is weaker, particularly for the normal mode response. The response for heating shifted further north is more complicated (not shown). A more northern location tends to lead to significant baroclinic growth in the subtropical westerlies, which also tend to have some tropical reflection. So although the influence functions suggest that high-latitude forcing may affect AEW activity (using the above metric), the structures forced do not resemble AEWs as described here. Furthermore, widespread convection is relatively rare north of around 20°N over the Sahara, even during the monsoon.
Summary and discussion
We have shown that heating in the vicinity of the AEJ entrance, close to Darfur, forces AEWs downstream. The heating leads to an initial trough that reaches the West African coast about 5-7 days later and, following this, a structure that projects strongly onto the leading linear normal mode, characterized by a train of westward-propagating AEWs. This sequence of events is robust in this model and takes place with different heating profiles, different spatial scales, and different locations even though the amplitude of the forced AEWs is quite sensitive to these differences.
The strongest AEW response is with the shallow heating profile located close to the entrance of the 
AEJ. The deep heating profile results in a much weaker AEW response than either the shallow or stratiform heating profiles. This is the result of a much weaker initial perturbation that is established after 1 day of heating, consistent with weaker vertical gradients in heating (Hoskins et al. 1985) . In reality, large-scale heating consists of varying combinations of shallow, deep, and stratiform profiles (e.g., Schumacher et al. 2004; Mapes et al. 2006) . Our results suggest that the observed AEW developments in response to largescale heating will be sensitive to the relative contributions of each. It should be stressed, however, that observed AEW-associated convection, missing in these simulations, would likely intensify all AEWs regardless of how they are triggered, because latent heating has been inferred to be an important energy source for the maintenance of these waves (Thorncroft and Hoskins 1994b; Hsieh and Cook 2005, 2007) . In this study we have regarded convection only as a trigger and have not addressed the subsequent question of feedback between the AEWs that are generated and further convection within the wave (Fink and Reiner 2003) . We note that for this model setup that includes lowlevel damping, this basic state is stable (HKT06). Therefore, the "natural selection" paradigm, which relies on the presence of a most unstable mode, cannot explain the modeled AEWs in our simulations. The results presented in this paper thus reinforce the growing body of work that supports the idea that AEWs are triggered by upstream heating (Carlson 1969a; Berry and Thorncroft 2005; Mekonnen et al. 2006; . This view for the genesis of AEWs has consequences for how we should investigate and interpret the nature and variability of AEWs at weather and climate time scales.
Our results indicate that a significant convective outbreak in the Darfur region will favor the formation of a train of AEWs to the west over sub-Saharan Africa within a few days. Specifically, an AEW trough will reach the West African coast 5-7 days later (depending on the heating profile), which will be followed by a period of enhanced AEW activity. Thus, a number of AEWs might be expected after one significant outbreak of convection. Of course, the scale of the waves might be significantly altered by convection occurring within them, and this needs to be thoroughly investigated. Nevertheless, the notion that AEW activity can be effectively triggered by convection over the western Sudan region has relevance not only for West Africa but also for the downstream tropical Atlantic in which each AEW trough is a potential precursor for tropical cyclogenesis (e.g., Avila and Pasch 1992) . Thus for daily to medium-range forecasts of AEWs, it is important to monitor, and ultimately predict, the nature of the upstream convection.
At longer seasonal to interannual time scales, in addition to considering the nature of mean AEJ (Grist et al. 2002) , we should consider the nature and variability of finite-amplitude convective heating precursors. In fact, based on our results, we should expect more intense and frequent precursors to be associated with stronger AEW activity irrespective of the nature of the AEJ. Once triggered, however, we would expect a more unstable AEJ and AEW-associated convection to be associated with stronger waves (cf. Thorncroft and Hoskins 1994b; Hsieh and Cook 2005, 2007) . Subseasonal variability in the AEJ may also play a role in selecting which triggering events lead to significant AEW activity. Even if the initiation mechanism is clearly separated from the question of variability in the jet, the intermittency of AEWs probably results from a collusion of these two factors.
In Part II (HKT06) of this sequence of papers, it was shown that the linear normal modes that develop on observed zonally varying basic states over tropical north Africa closely resemble the observed AEW structures shown in Part I . HKT06 also showed that in the presence of modest damping, the normal modes are in fact stable, and so it was hypothesized that finite-amplitude precursors would be necessary for the genesis of AEWs. The idealized modeling work presented here shows that this hypothesis is a reasonable one. AEWs can indeed be triggered by finite-amplitude heating in the vicinity of the AEJ, and we have shown that they are most efficiently triggered by heating that establishes lower tropospheric circulations in the AEJ entrance region. In the present study this was best achieved by the shallow and the stratiform heating profiles, both of which have significant heating gradients in the vertical in the mid-to-lower troposphere. We should note again that this mechanism for genesis of AEWs is different from that proposed by Hsieh and Cook (2005, 2007) , who highlight the importance of upstream convection for generating an unstable PV strip ) and the subsequent development of AEWs on that strip. These mechanisms are not mutually exclusive and may each be important at different times, although this clearly needs further investigation.
This sequence of three papers has shed light on the nature of AEWs, including their genesis. We have established that one mechanism for the triggering of AEWs is likely due to finite-amplitude upstream heating. As the AEWs propagate along the zonally varying AEJ, they impact the environment on the synoptic scale and mesoscale, favoring new convection in differ-ent phases of the AEW as they propagate between the land and the Atlantic . Motivated by these studies, future work will address the important issues of AEW variability and intermittency, taking account of the nature of upstream finite-amplitude triggers, the variability of the AEJ, and the way the wave itself interacts with convective heating.
